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Abstract 
 
  We derive surface velocities relative to North America, using data from 1989 through 
2014 in the interior northwest, to investigate kinematics from the Snake River Plain 
(SRP) to the Canadian border. The Centennial Tectonic Belt (CTB) exhibits similarities 
to the main Basin and Range Province (BRP) that suggest the CTB is an extension of the 
BRP, including range and fault orientation, increasing velocity magnitudes westward, and 
a distinct high rate of strain across the Madison Range. Calculations of fault spreading 
rates and orientations from geodetic data show that several faults are more active than 
previously assumed when compared to seismic and paleoseismic rates, while structural 
and geomorphic rates do not exhibit consistent correlation. The northern section of the 
Madison Fault was previously estimated to be spreading less than 0.2 mm y-1, however 
we derived a rate of 1.2 mm y-1 from geodetic data constraining nearly half of the CTB 
spreading rate of 2.6 mm y-1 to the Madison Fault. Comparing the mean velocity of the 
CTB to that of the SRP we find a dextral slip of 0.9 mm y-1. 
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Abstract 
 
We derive surface velocities relative to North America, using data from 1989 through 
2014 in the interior northwest, to investigate kinematics from the Snake River Plain 
(SRP) to the Canadian border. The Centennial Tectonic Belt (CTB) exhibits similarities 
to the main Basin and Range Province (BRP) that suggest the CTB is an extension of the 
BRP, including range and fault orientation, increasing velocity magnitudes westward, and 
a distinct high rate of strain across the Madison Range. Calculations of fault spreading 
rates and orientations from geodetic data show that several faults are more active than 
previously assumed when compared to seismic and paleoseismic rates, while structural 
and geomorphic rates do not exhibit consistent correlation. The northern section of the 
Madison Fault was previously estimated to be spreading less than 0.2 mm y-1, however 
we derived a rate of 1.2 mm y-1 from geodetic data constraining nearly half of the CTB 
spreading rate of 2.6 mm y-1 to the Madison Fault. Comparing the mean velocity of the 
CTB to that of the SRP we find a dextral slip of 0.9 mm y-1. 
 
 
Introduction 
 
Geodetic observations of kinematics in western North America have often separated the 
region into three geographically distinct domains with different tectonic boundary 
conditions despite the fact that all three must maintain kinematic consistency: these are 
the extensional Basin and Range Province (BRP), the transform San Andreas system 
(SAF), and the compressional Cascadia system (McCaffery et al., 2013; Payne et al., 
2012-3; Flesch et al., 2007; Humphreys et al., 2007; McCaffery et al., 2007; Hammond 
and Thatcher 2005; Hammond and Thatcher 2004; Bennett et al., 2003; Flesch et al., 
2000; Sonder et al., 1987).  In this framework, the BRP is often assumed to terminate at 
the Snake River Plain (SRP), roughly in line with the Mendocino Triple Junction, with all 
deformation north of there associated with Cascadian convergence. However, both 
geomorphic and structural indicators as well as seismic mechanisms demonstrate active 
normal faulting north of the SRP as far as the Canadian border in Montana, with 
statistically significant geodetic extension at least as far north as the Centennial Tectonic 
Belt (CTB)(McCaffery et al., 2013; Payne et al., 2013; Stickney et al., 2000).  
 
Separated from the main BRP, the CTB lies just north of the Snake River Plain (SRP) 
and has seven major active normal faults, listed from west to east: Lost River, Lemhi, 
Beaverhead, Red Rock, Blacktail, Sweetwater, and Madison (Scott et al., 1985; Stickney 
and Lageson 1999; Harkins et al., 2005; Payne et al., 2012). The CTB is host to frequent, 
low moment, seismic activity, but has also seen three notable seismic events in recent 
history: 1999 Mb 5.3 Red Rock Valley, 1983 Ms 7.3 Borah Peak, and 1959 Ms 7.5 Hebgen 
Lake (fig. 1)(Payne et al., 2012; Stickney and Lageson 2002). Quaternary range front 
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faults in the CTB are consistent with E-W Basin and Range extension to the south, 
enough so that many consider this region part of a Northern Basin and Range (Stickney 
and Bartholomew 1987) (fig. 1).  
 
Fault slip rates in Western Montana north of the SRP are poorly constrained by 
paleoseismic and seismic data (Stickney et al., 2000; Haller et al., 2010). This is mainly 
due to the regions low seismic moment release rate. Additionally, seismicity 
concentrations do not consistently correlate with identified Quaternary fault locations 
(fig. 1). Fault surveys and the few tensor solutions that have been produced show a 
southwestward extensional regime in the CTB, moving towards western extension in 
Northern Montana (Dziewonski et al., 1981; Ekström et al., 2012; Payne et al., 2012; 
Stickney et al., 2000).   
 
In this study we use our high-resolution GPS array to supplement observations of the 
Snake River Plain in Payne et al., 2012 and the large aperture, low resolution EarthScope 
experiment (http://www.earthscope.org) to look at regional velocity trends and constrain 
individual fault spreading rates from the SRP to the Canadian border.   
 
 
Methods 
 
In an effort to increase GPS site density in tectonically active areas of Western Montana 
and Idaho we installed continuous and campaign GPS sites along a 160 km transect, 
running normal to fault strike, in the CTB (figure 3), and occupied Lewis and Clark 
campaign sites in Northwestern Montana. Data were measured during a variety of epochs 
from 1998-2010. Beginning with the installation of the CTB high resolution transect in 
fall of 2011, data were measured continuously through 2014 (table 1).  The raw data 
collected were combined with observations from 53 other sites in the region (table 1) 
with data available from the UNAVCO, CDDIS, and SOPAC archives from other 
geodetic surveys, including 25 IGS (International GNSS Service) sites for loosely 
constrained daily position estimates calculated in GAMIT. These loosely constrained 
solutions were then combined with daily global solutions from the MIT processing center 
to generate time series using GLRED. We edited the time series for each station to 
remove outliers, pick instantaneous offsets, and calculate appropriate site weights to 
estimate a consistent velocity solution.  Daily solutions for 46 additional regional PBO 
sites were downloaded and combined with the directly estimated daily time series, and all 
position estimates were averaged over approximately 15-day intervals.  
 
In order to account for temporal correlations in the displacement data, which usually 
dominate the velocity uncertainties, we added to each station a random-walk component 
determined by fitting the daily time series to a Gauss-Markov process (Herring 2003; 
Reilinger et al., 2006). For the campaign stations, whose observations are too few to 
allow a reliable estimate of the random walk, we used the median noise value from the 
continuously recording stations. Using GLOBK we estimated velocities in the ITRF08 
frame from 15-day position averages. Finally we calculated velocities in a North 
American-fixed frame using the ITRF08_noam transformation (table 2).  
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To estimate relative velocities across known faults we make the assumption that all local 
strain occurs on identified Quaternary faults. We calculate the weighted mean velocity 
from geodetic data on either side of the fault, and difference them to find the horizontal 
vector of one side relative to the other. Uncertainty was calculated from individual site 
uncertainties using standard error propagation techniques.  
 
 
Results 
 
Regional velocities 
GPS velocities relative to stable North America, calculated using itrf08_comb_noam 
(table 2), show a clockwise rotation around central Idaho (fig. 2). This is very similar to 
velocity results from other studies (Payne et al., 2012; McCaffrey et al., 2007; Flesch et 
al., 2007). However, inconsistencies in local vectors do not support a rigid rotational 
model. Particularly in the study area strain rates derived from the velocity field are not 
consistent with a rigid rotation, aside from the SRP, instead they show significant 
westward extension within the CTB. The direction of extension relative to stable North 
America changes somewhere between the northern border of the CTB and the Lewis and 
Clark zone (fig. 2). Within the SRP, surface strain rates are low and the lack of surface 
deformation has been attributed to magmatic diking and underplating (Parsons et al., 
1998). Velocity magnitudes in the CTB increase westward relative to stable North 
America with a distinct high strain rate across the Madison Range. North of the Hebgen 
Lake Fault area, just west of the Madison range is a local velocity minimum (fig. 2). 
These broad trends in the regional velocity field can be decomposed into constraints on 
individual fault spreading rates where sufficient spatial resolution exists. 
 
Fault Velocities 
A complete list of fault spreading rates can be found in table 3, with results in the CTB 
plotted in figure 4. Quaternary faults in the Southwestern half of the CTB all have an 
average strike near 320°, therefore extension at 230° would be normal to strike. From the 
west block of the Lost River Fault to the east block of the Madison Fault, the CTB is 
extending at a rate of 2.6+/-0.2 mm y -1, with a strain orientation of 258° (fig. 4). This rate 
corroborates with GPS rates of 2.00 and 2.61 mm y -1 found by Payne et al., (2012). 
When we exclude the Madison Fault from calculations, the CTB extension orientation is 
270°, while extension falls to 1.3+/-0.2 mm y -1 (fig. 4). This shows that movement on the 
Madison Fault represents a significant contribution to the total extension of the CTB, and 
brings the mean extension orientation nearer to perpendicular with fault orientation. 
 
The majority of CTB extension west of the Madison Fault, is accommodated on the Lost 
River and Lemhi faults, which are spreading at 0.6+/-0.2 and 0.5+/-0.3 mm y -1 with 252° 
and 296°"orientations respectively (fig. 4). At 296° the Lemhi fault is currently 
experiencing near equal components of spreading and dextral slip. Lower rates are 
reported from paleoseismic data. Rates of 0.14 to 0.29 mm y -1 are given by Hemphill-
Haley et al., (1992) from paleoseismic data for the southern sections of the Lemhi Fault. 
Calculations from a trenching report on the Lost River Fault, Pass Creek and Arco 
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sections, give velocities of 0.49 mm y -1 since 21ka and 0.1 mm y -1 since 58ka 
respectively (Olig et al., 1995). Haller et al., (2010) gives a rate of less than 0.2 mm y -1 
for the Lost River and Lemhi faults, with the exception of the Thousand Springs section 
of the Lost River and the two center sections of the Lemhi. Geodetic rates fall within the 
range, 0.2 – 1.0 mm y -1, given for these sections (Haller et al., 2010). 
 
Although uncertainty on the Beaverhead Fault is greater than or nearly equal to the 
velocity it appears to be undergoing almost entirely dextral slip (fig. 4). The slip rate 
closely agrees with other studies (table 3), “much less than 0.2” (Haller et al., 2010) and 
0.3 mm y -1 extension (Scott et al., 1985), while the orientation differs.  
 
Our calculations show the rate of extension on the Red Rock Fault as 0.3+/-0.2 mm y -1 at 
225° (fig. 4). Harkins et al., (2005) propose probable slip rates from paleoseismic data for 
the Red Rock Fault at Big Sheep Creek (0.6 mm y -1), Chute Canyon (2.0 mm y -1), and 
Little Sheep Creek (1.33 mm y -1). For the whole Sheep Creeks segment of the Red Rock 
Fault Bartholomew, et al., (1999) propose a much slower rate of 0.11 mm y -1, while 
Stickney, et al., (2000) and Haller et al., (2010) give a range of 0.2-1.0 mm y -1. Our 
geodetic rates on the Red Rock Fault give an instantaneous extension rate three times 
greater than maximum long-term rates from paleoseismic investigations and two to seven 
times slower than geomorphic rates.  
 
Located in the eastern portion of the CTB, the northern segment of the Madison Fault is 
spreading at a rate of 1.2+/-0.2 mm y -1 with an orientation of 234°. These results show 
strain in this area at nearly half the rate of the entire CTB (fig. 4). Haller et al., (2010) 
infer a slip rate of less than 0.2 mm y -1, which agrees with Stickney et al., (2000). Both 
have higher rates to the south for the Madison Canyon section. Using 1923 and 1960 
leveling data Rellinger et al., (1977) calculate 1-3 mm y -1 of vertical displacement. 
 
From the Idaho Panhandle to the Flathead Valley the weighted mean eastward extension 
is smaller than the uncertainty, allowing the possibility for either eastward-directed 
compression or extension. However, abundant evidence of finite extension just east of the 
Flathead Valley indicates extension, on the Mission, Swan, and the South Fork Flathead 
faults (e.g., Haller et al., 2010). Eastward rates of individual sites drop slightly from the 
Flathead to the Swan Valley, indicating little to no change in strain results if calculated 
using these sites. We report 0.9+/-0.3 mm y -1, but with a vector direction of 9° east of 
north. 
 
We calculated a weighted mean velocity representative of the Eastern Rocky Mountain 
region (table 3) including sites in the Flathead and Swan Valleys, and an EarthScope site 
on the eastern edge of this region (fig. 1). This mean was differenced with a weighted 
mean of the sites in the High Plains, east of the Rocky Mountain Front, indicating 
shortening of 0.5+/-0.3 mm y -1 at 108°"across the Rocky Mountain Front." 
 
There are only two GPS sites adjacent to the Bitterroot Fault (fig. 2), both of them 
campaign style monumentations with poor proximity to each other. Ignoring the high 
statistical and spatial uncertainty, our calculations indicate eastward-directed extension. 
 5 
A recently released LiDAR dataset provides further evidence of extension on the 
Bitterroot Fault in the form of scarp offsets in Quaternary fans (Carswell 2014). 
 
Although deformation within the CTB indicates against treatment as a rigid plate, we 
treat it as such to produce a rate of SRP velocity relative to the CTB. Calculations 
produce a vector indicating dextral slip between the two regions at a rate of 0.9+/-0.2 mm 
y -1 (fig. 4). This rate is within the range reported by Payne et al., (2012).  
 
 
Discussion 
 
The velocity field produced in this study, as well as velocity fields from other recent 
studies, show that the region north of the SRP, sometimes called the Northern BRP, 
including Western Montana, is tectonically active (fig. 2)(Flesch et al., 2007; McCaffrey 
et al., 2007; Payne et al., 2012).  Velocity magnitudes in the CTB increase westward 
relative to stable North America, with a distinct high strain rate across the Madison 
Range and a local velocity minimum north of the Hebgen Lake Fault area (fig. 2). In the 
main BRP westward velocity magnitudes increase to the west, with a high strain rate 
across the Wasatch Front and a velocity minimum just west of the range. These 
similarities between the CTB and the BRP further justify the CTB as a northern part of 
the BRP. In Northern Idaho and Northwestern Montana, uncertainties render velocities 
statistically insignificant from one another. However, weighted means of local velocities 
allow for the possibility of eastward-directed extension between the Idaho panhandle and 
the Flathead valley. Farther east strain calculations show statistically significant 
compression between the Rocky Mountain front and the adjacent High Plains (table 3). 
Even though this compression is ~1,100km from the subduction zone, compression 
inland of a subduction zone can be seen at similar length scales in the Andes (Trenkamp 
et al., 2002). However, seismic, structural and geomorphic evidence in Western Montana 
show that the zone of finite extension reaches at least as far north as the Canadian border. 
The presence of finite extension in Montana and Idaho indicates that the boundary 
stresses due to Cascadian subduction are not enough to support the high elevation of the 
interior northwest. If they were then there should be little or no extension north of the 
Mendocino Triple Junction, other than local effects excited by thermal bulging at 
Yellowstone, indicating a different mechanism for the compression in this velocity field. 
One such mechanism could be active extrusion of the northern Rockies crustal welt into 
accommodation space in the High Plains; caused by extension but producing 
compression along the eastern Rocky Mountain Front. If this is the case, the presence of 
extension north of the Mendocino Triple Junction would infer that gravitational collapse 
of Laramide thickening can precede the rotation of compressional boundary stress. It 
would follow that gravitational collapse within the westernmost U.S. is not entirely 
dependent on the San Andreas boundary condition.   
 
Spreading rates on individual faults in the study area indicate that several are more active 
than previously assumed. Paleoseismic rates, on the Lost River and Lemhi faults for 
example, are uniformly slower than those from GPS (table 3). The geodetic rate on the 
northern segment of the Madison Fault is of particular interest as it is nearly ten times 
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faster than previously thought (table 3)(Haller et al., 2010; Stickney et al., 2000). It is, 
however, within rates of 1 to 3 mm y-1 (of uplift) calculated by comparing leveling data 
from 1923 and 1960 (Reilinger et al., 1977). Unfortunately geodetic constraints on the 
eastern block of the Madison cannot rule out the possibility of a velocity contribution 
from additional structures, known or unknown. Furthermore, due to the vicinity of the 
Yellowstone hotspot some of this motion could be attributed to horizontal strain as a 
result of thermal expansion (fig. 2). A direct comparison of geomorphic and geodetic 
rates on the Red Rock Fault show that these geomorphic rates span a wide range, (0.6 – 
2.0 mm y-1), of which the lower bound is twice as fast as our geodetic rates (table 3). 
Fault slip rates compiled by Stickney et al., (2000), using geomorphic and structural 
methods, are poorly constrained. Some rates calculated from GPS fall within the reported 
range, but most show little systematic correlation (table 3).  
 
The current standard practice is to use the seismic catalog to create seismic hazard maps. 
In areas with a low seismic moment release rate, due to lack of enough quality data, these 
hazard maps are especially poor representations of actual seismic hazard. Because limited 
paleoseismic data gives consistently lower fault slip rates than instantaneous rates from 
GPS velocities, seismic hazard maps that use only seismic data will underestimate the 
hazard in areas without frequent and large earthquakes.  
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Tables 
 
Table 1. GPS Measurement Epochs.  
Years in which data were used for a specific site are indicated with “x”, otherwise left 
blank. An “*” trailing the site name is used to indicate International GNSS Service (IGS) 
sites. A subscript of the letter “C” trailing site names indicates campaign style 
monumentation. Data collected before 2011 were only processed for days which 
campaign site data are available, plus the two preceding and proceeding days. Data for 
each day, from 2011 day 258 through 2014 day 283, were processed for all sites with 
available data. 
 
GPS Site Data Year 
 98 99 00 01 02 03 04 08 09 10 11 12 13 14 
AHID    x x x x x x x x x x x 
ALBH* x x x x x x x x x x x x x x 
ALGO* x x x x x x x x x x x x x x 
AMC2*  x x x x x x x x x x x x x 
ATHEC  x x x   x     x   
BCYI        x x x x x x x 
BILL* x x x x x x x x x x x x x x 
BLW2      x x x x x x x x x 
BRMU* x x x x x x x x x x x x x x 
BSNC           x x x x 
BSPC           x x x x 
BUEH           x x x x 
BUNYC x x x x  x  x  x  x  x 
BURN x x x x x x x x x x x x x x 
CHCN           x x x x 
CHUR* x x x x x x x x x x x x x x 
CRBG*        x x x x x x x 
DRAO* x x x x x x x x x x x x x x 
DUBO* x x x x x x x x x x x x x x 
ELKO x x x x x x x x x x x x x x 
EMIG        x x x x x x x 
EOUT  x x x x x x x x x x x x x 
FAIR x x x x x x x x x x x x x x 
FLIN  x x x x x x x x x x x x x 
GODE* x x x x x x x x x x x x x x 
GTRG*  x x x x x x x x x x x x x 
HLID*   x x x x x x x x x x x  
HPIG        x x x x x x x 
ICIG        x x x x x x x 
JOCKC x x x  x x  x  x  x  x 
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GPS Site Data Year 
 98 99 00 01 02 03 04 08 09 10 11 12 13 14 
LKWY x x x x x x x x x x x x x x 
LRID           x x x x 
MAWY  x x x x x x x x x x x x x 
MBREC        x  x  x  x 
MILLC x x x x x x  x x x  x  x 
MKEA* x x x x x x x x x x x x x x 
MORMC x x x x x x  x x x  x  x 
NBRGC        x  x  x  x 
NLIB* x x x x x x x x x  x x x x 
NOMT   x x x  x x x x x x x x 
P007        x x x x x x x 
P018        x x x x x x x 
P019        x x x x x x x 
P020       x x x x x x x x 
P021        x x x x x x x 
P022        x x x x x x x 
P023        x x x x x x x 
P024         x x x x x x 
P025        x x x x x x x 
P030        x x x x x x x 
P045        x x x x x x x 
P046        x x x x x x x 
P047        x x x x x x x 
P048        x x x x x x x 
P049        x x x x x x x 
P050        x x x x x x x 
P121       x x x x x x x x 
P350         x x x x x x 
P351         x x x x x x 
P352         x x x x x x 
P353        x x x x x x x 
P354        x x x x x x x 
P355        x x x x x x x 
P357        x x x x x x x 
P358        x x x x x x x 
P359        x x x x x x x 
P360        x x x x x x x 
P386        x x x x x x x 
P390        x x x x x x x 
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 98 99 00 01 02 03 04 08 09 10 11 12 13 14 
P392        x x x x x x x 
P393        x x x x x x x 
P422        x x x x x x x 
P453        x x x x x x x 
P455        x x x x x x x 
P460        x x x x x x x 
P677        x x x x x x x 
P678        x x x x x x x 
P679         x x x x x x 
P681        x x x x x x x 
P684        x x x x x x x 
P706        x x x x x x x 
P707        x x x x x x x 
P715        x x x x x x x 
P719        x x x x x x x 
P721        x x x x x x x 
P722        x x x x x x x 
PIE1* x x x x x x x x x x x x x x 
PLSNC        x  x  x  x 
PRDS* x x x x x x x x x x x x x x 
PZCG*         x x x x x x 
QUIN* x  x x x x x x x  x x x x 
SADDC x x x x x   x x x  x  x 
SASK*      x x x x x x x x x 
SCH2* x x x x x x x x x x x x x x 
SFDM*   x x x x x x x x x x x x 
SHLD*   x x x x x x x x x x x x 
SHPM           x x x x 
STJO* x x x x x x x x x x x x x x 
TCSG        x x x x x x x 
TSWY    x x x x x x x x x x x 
VNDP* x x x x x x x x x x x x x x 
WES2* x x x x  x x x x x x x x x 
WILL* x x x x x x x x x x x x x x 
WPRG           x x x x 
YELL x x x x x x x x x x x x x x 
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Table 2. Horizontal Velocities of GPS data from 1998 to 2014, for sites used in analyses. 
 
Position (ddd.ddddd) Velocity (mm/yr) σ (mm/yr) RHO GPS 
Longitude Latitude East North East North  Site 
248.93626 42.77312 -0.07 -0.34 0.18 0.14 0.614 AHID 
236.51253 48.38978 6.95 4.26 0.56 0.15 -0.492 ALBH 
281.92863 45.95580 0.34 -0.69 0.73 0.15 -0.728 ALGO 
255.47541 38.80312 0.37 0.51 0.14 0.29 -0.270 AMC2 
241.52910 45.81256 1.26 1.18 0.44 0.26 0.015 ATHE 
246.59415 44.31562 0.06 -0.28 0.26 0.18 0.211 BCYI 
242.93540 33.57824 -23.25 25.32 0.33 0.54 0.882 BILL 
250.44220 42.76713 0.30 0.63 0.21 0.17 0.299 BLW2 
295.30373 32.37040 1.30 1.05 0.99 0.70 -0.925 BRMU 
247.46851 44.73964 -0.13 -0.35 0.36 0.25 0.054 BSNC 
247.13707 44.57843 0.17 -0.23 0.32 0.26 0.083 BSPC 
247.37235 44.69634 -0.22 -0.67 0.33 0.31 0.054 BUEH 
246.24448 47.36481 1.58 -0.67 0.29 0.22 -0.309 BUNY 
242.15647 42.77950 -1.47 0.79 0.38 0.19 0.623 BURN 
247.28335 44.64771 -0.02 -0.85 0.31 0.25 0.077 CHCN 
265.91127 58.75908 1.00 -1.35 0.39 0.53 0.867 CHUR 
247.36475 43.83030 -0.91 -1.18 0.24 0.15 0.339 CRBG 
240.37502 49.32262 2.26 0.79 0.42 0.17 -0.788 DRAO 
264.13382 50.25881 0.11 -1.38 0.31 0.23 0.720 DUBO 
244.18280 40.91469 -2.86 0.66 0.30 0.22 0.871 ELKO 
247.07253 44.07439 -0.83 -1.19 0.28 0.22 0.176 EMIG 
248.07109 41.25320 -0.10 0.16 0.21 0.19 0.722 EOUT 
212.50076 64.97800 3.24 -4.16 1.23 0.60 -0.792 FAIR 
258.02197 54.72558 0.07 -1.61 0.18 0.41 0.638 FLIN 
283.17317 39.02173 0.37 0.45 0.75 0.37 -0.936 GODE 
246.75879 43.24409 -1.21 -0.02 0.24 0.13 0.626 GTRG 
245.58595 43.56258 -0.94 -0.36 0.27 0.17 0.435 HLID 
246.89987 43.71328 -1.01 -0.49 0.30 0.21 0.237 HPIG 
247.05850 44.33034 -0.01 -0.45 0.25 0.15 0.235 ICIG 
246.02805 47.17339 1.35 -0.34 0.29 0.20 -0.338 JOCK 
249.59978 44.56508 -0.77 -0.43 0.28 0.43 0.031 LKWY 
246.50108 44.24195 -0.33 -0.36 0.34 0.25 0.130 LRID 
249.31070 44.97343 1.11 0.48 0.19 0.22 0.034 MAWY 
245.94660 46.30283 1.43 -0.12 0.40 0.31 -0.062 MBRE 
246.08482 46.88419 1.68 -0.24 0.28 0.17 -0.319 MILL 
204.54365 19.80136 -57.02 53.68 1.33 1.47 0.990 MKEA 
245.83187 46.72554 1.40 0.34 0.31 0.22 -0.196 MORM 
245.83521 47.31585 1.65 -1.07 0.33 0.26 -0.218 NBRG 
268.42510 41.77159 0.23 0.68 0.41 0.20 -0.756 NLIB 
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Position (ddd.ddddd) Velocity (mm/yr) σ (mm/yr) RHO GPS 
Longitude Latitude East North East North  Site 
248.37018 45.59692 1.25 -0.28 0.20 0.13 -0.096 NOMT 
245.18029 41.72420 -2.64 0.13 0.31 0.24 0.564 P007 
242.93544 42.98171 -1.54 0.73 0.38 0.22 0.448 P018 
244.68834 43.30020 -1.70 -0.04 0.32 0.20 0.407 P019 
241.43423 47.00221 1.33 0.97 0.41 0.18 -0.240 P020 
241.26975 48.67469 1.86 1.20 0.42 0.21 -0.511 P021 
241.98623 45.23179 0.43 0.94 0.40 0.18 0.129 P022 
243.89699 44.89843 0.36 0.60 0.35 0.18 0.150 P023 
244.15757 47.56220 1.66 -0.17 0.37 0.25 -0.269 P024 
243.71249 48.73101 1.59 0.09 0.35 0.22 -0.529 P025 
249.48719 41.74981 0.49 0.38 0.26 0.28 0.268 P030 
247.38281 45.38287 0.55 -0.30 0.26 0.17 -0.011 P045 
246.66827 47.02960 1.26 -0.31 0.28 0.19 -0.297 P046 
246.78025 48.42134 1.52 -0.42 0.27 0.22 -0.472 P047 
248.79579 45.65304 0.89 0.56 0.23 0.17 -0.069 P048 
249.09377 47.34996 0.99 -0.33 0.22 0.19 -0.306 P049 
248.75157 48.80948 1.16 -0.31 0.23 0.23 -0.450 P050 
247.30171 41.80339 -1.96 -0.29 0.25 0.21 0.560 P121 
245.13716 43.53276 -1.62 -0.06 0.34 0.24 0.268 P350 
245.28084 43.87441 -1.15 -0.31 0.34 0.24 0.222 P351 
245.90392 43.84906 -1.61 -0.47 0.32 0.23 0.215 P352 
246.02120 44.05454 -1.32 -0.34 0.30 0.20 0.231 P353 
246.02106 44.10851 -1.02 -0.25 0.29 0.18 0.250 P354 
246.27791 44.21792 -0.66 0.09 0.30 0.20 0.198 P355 
246.41811 44.22711 -0.71 -0.21 0.29 0.20 0.193 P357 
246.75934 44.40190 -0.03 -0.03 0.27 0.18 0.182 P358 
248.47050 43.48249 -1.50 -1.51 0.23 0.19 0.280 P359 
248.54932 44.31785 -1.59 -2.16 0.23 0.18 0.155 P360 
241.03218 44.40283 -0.12 1.49 0.42 0.19 0.323 P386 
241.07151 43.03401 -1.57 2.46 0.42 0.21 0.530 P390 
240.99900 43.44676 -1.42 1.50 0.42 0.20 0.478 P392 
242.10796 43.23450 -1.26 1.05 0.39 0.21 0.475 P393 
243.02032 46.79787 1.24 0.35 0.37 0.18 -0.229 P422 
241.25454 47.75913 1.61 0.84 0.42 0.19 -0.377 P453 
247.27145 44.48557 -0.44 -0.59 0.26 0.18 0.155 P455 
248.97141 45.13999 0.80 1.15 0.23 0.17 0.014 P460 
246.13170 42.87892 -2.11 -0.46 0.29 0.21 0.420 P677 
247.19545 43.44896 -1.58 -0.77 0.26 0.19 0.323 P678 
246.69352 44.03982 -0.72 -0.05 0.31 0.23 0.174 P679 
247.36353 44.39978 -0.77 -0.84 0.26 0.18 0.168 P681 
248.54951 43.91915 -1.51 -1.69 0.23 0.18 0.216 P684 
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Position (ddd.ddddd) Velocity (mm/yr) σ (mm/yr) RHO GPS 
Longitude Latitude East North East North  Site 
247.47591 45.04347 0.34 -0.32 0.26 0.17 0.051 P706 
248.16284 44.71877 -0.48 -0.92 0.26 0.20 0.077 P707 
250.31015 43.50077 0.43 0.08 0.20 0.19 0.208 P715 
248.21098 45.21776 0.44 0.07 0.24 0.17 0.009 P719 
249.99795 45.00288 0.78 0.20 0.21 0.18 0.025 P721 
250.42899 45.45722 0.84 0.17 0.20 0.17 -0.039 P722 
251.88107 34.30151 0.59 0.69 0.15 0.45 0.323 PIE1 
245.82832 47.74287 1.91 -0.22 0.37 0.31 -0.204 PLSN 
245.70650 50.87135 1.91 -0.91 0.29 0.34 -0.570 PRDS 
247.67404 44.33810 -1.12 -1.19 0.28 0.25 0.111 PZCG 
239.05557 39.97455 -7.91 6.92 0.47 0.30 0.837 QUIN 
245.83093 47.16937 1.44 -0.74 0.30 0.20 -0.291 SADD 
253.60165 52.19625 0.83 -1.11 0.18 0.36 -0.064 SASK 
293.16738 54.83209 0.53 0.64 1.01 0.18 0.161 SCH2 
241.24549 34.45981 -24.06 24.22 0.39 0.51 0.878 SFDM 
240.98431 41.86837 -2.45 2.35 0.41 0.21 0.756 SHLD 
248.13799 45.09905 0.36 -0.29 0.34 0.31 0.014 SHPM 
307.32225 47.59524 -0.05 1.43 1.19 0.48 -0.909 STJO 
246.52181 43.61919 -1.33 -1.13 0.27 0.28 0.220 TCSG 
249.40252 43.67409 -0.47 -0.77 0.20 0.15 0.295 TSWY 
239.38355 34.55631 -30.28 35.13 0.43 0.52 0.907 VNDP 
288.50667 42.61334 0.48 -0.12 0.87 0.33 -0.865 WES2 
237.83219 52.23687 0.64 0.35 0.49 0.26 -0.933 WILL 
247.25244 44.62911 0.50 -0.56 0.47 0.32 0.041 WPRG 
245.51930 62.48089 0.74 -1.53 0.51 0.75 -0.429 YELL 
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Table 3. Quaternary Fault Velocities.  
Velocities are calculated from the weighted mean of continuous sites on each side of the fault before the sides are differenced. 
Uncertainty was calculated from individual site uncertainties using standard error propagation techniques. The column labeled “Vector 
E of N” is the vector direction in degrees East of North; all other values are reported in millimeters per year. 
 
Name vel E vel N σ E σ N Azimuth Vector Magnitude Paleoseismic Geomorphic Other GPS 
Beaverhead -0.04 0.18 0.20 0.14 347 0.18+/-0.24 D <0.2 E10   
*Bitterroot *-0.10 *-0.47 0.47 0.34 192 *0.48+/-0.39 E  <0.2 E
3  
CTB -2.51 -0.53 0.19 0.14 258 2.57+/-0.23 E1   2.61 +/- 0.14 E
8 
IP-FV -0.13 -0.88 0.28 0.19 9 0.89+/-0.34 E  0.2 - 1.0/<0.2 E
2  
Lemhi -0.46 0.22 0.21 0.15 296 0.51+/-0.25 ED 0.14 - 0.29 E6 <0.2, 0.2 - 1.0 E10  
Lost River -0.58 -0.23 0.19 0.14 248 0.63+/-0.24 E 0.1 - 0.49 E
5 
<0.2, 0.2 - 1.0 E10   
Madison -0.98 -0.70 0.16 0.13 234 1.20+/-0.21 E  <0.2 E
3, 10  
*Ninemile *0.15 *-0.69 0.22 0.14 168 *0.71+/-0.26 DC  <0.2 E
3  
Red Rock -0.21 -0.22 0.18 0.13 225 0.30+/-0.22 E 0.11 E7 0.6 - 2.0 E4  
RM-HP 0.46 -0.15 0.19 0.16 108 0.48+/-0.25 C    
SRP-CTB 0.79 -0.43 0.13 0.09 242 0.90+/-0.16 D   0.7 - 1.8 D
9 
 
IP-FV = Idaho Panhandle with respect to Flathead Valley 
RM-HP = Rocky Mountains with respect to High Plains  
E = extension, C = compression, D = dextral  
* = poor spatial constraints  
All rate comparisons assume fault dips of 45° when comparing to vertical offsets or slip on fault plane. 
 
Other notes and citations: 
1This higher rate includes the E. Madison block through the W. Lost River block. 
2Rates of extension on the Mission, Swan, and South Fork faults reported by Stickney et al., 2000. 
3Stickney et al., 2000 – Rates determined by measuring offset of geologic deposit or geomorphic surface and dividing by appropriate time interval(s). 
4Harkins et al., 2005  
5Olig, et al., 1995 
6Hemphill-Haley et al., 1992 
7Bartholomew et al., 1999 
8Payne et al., 2012 - The strain rate was calculated from 7.3x10-9 over 357 km (fig. 4 in Payne et al., 2012). 
9Payne et al., 2012 – The range in GPS rates is due to the constant edge velocity of the SRP measured against the westward increasing velocity of the CTB, 
thereby causing lower strain rates in the western end of the SRP-CTB boundary. 
10Haller et al., 2010 
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Figures 
 
 
Figure 1. Tectonic setting.  
Tectonic regions include the Basin and Range Province (BRP), Snake River Plain (SRP), and the 
Centennial Tectonic Belt (CTB). Other areas named on the map include eastern Rocky Mountains (RM), 
Rocky Mountain Front (GRMF), High Plains (HP), and Flathead Valley (FV). Faults depicted in 
northwestern Montana include Mission Fault (MF), Swan Fault (SF), South Fork Flathead Fault (SFF), 
Ninemile Fault (NM), and the Bitterroot Fault (BRF). Centroid Moment Tensor Solutions are from the 
CMT catalog, 1976 through 2015 (Ekström et al., 2012; Dziewoński, 1981). Locations of notable seismic 
events in the CTB are marked with stars; from west to east these are 1983 Ms 7.3 Borah Peak, 1999 Mb 5.3 
Red Rock Valley, and 1959 Ms 7.5 Hebgen Lake. Blue dots represent seismic events from 1962 to 2016 of 
M2.0 and greater, downloaded from the NCEDC ANSS catalog (http://www.ncedc.org/anss/catalog-
search.html). Red lines represent all faults in the area from the USGS Quaternary fault database. Seismic 
activity in the BRP is often concentrated in areas without an identified Quaternary fault.
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Figure 2. Montana-Idaho velocity field.  
Scale for velocity vectors with 2-sigma uncertainty ellipses is in upper right-hand corner of map. Blue dots 
represent seismic events from 1962 to 2016 of M2.0 and greater, downloaded from the NCEDC ANSS 
catalog (http://www.ncedc.org/anss/catalog-search.html). Red lines represent all faults in the area from the 
USGS Quaternary fault database. 
! 19!
 
Figure 3. Southwestern CTB velocity field.  
Site names are located at the tail of the vector, and the scale for velocity vectors with 2-sigma uncertainty 
ellipses is in the upper right-hand corner of the map. Faults are denoted in larger text listed here from west 
to east: Lost River Fault (LRF), Lemhi Fault (LF), Beaverhead Fault (BHF), and Red Rock Fault (RRF). 
The Sheep Creeks segment of the RRF is depicted as “SCS” in smaller text, below BUEH GPS site. 
Trenching sites on the LRF include Jaggles Canyon (JC), Malde’s (M), and Arco Peak (AP)(Olig et al., 
1995). On the LF trenching sites include Coyote Springs (CS), Camp Creek (CC), and East Creek 
(EC)(Hemphill-Haley et al., 1992). Blue dots represent seismic events from 1962 to 2016 of M2.0 and 
greater, downloaded from the NCEDC ANSS catalog (http://www.ncedc.org/anss/catalog-search.html). 
Red lines represent all faults in the area from the USGS Quaternary fault database. 
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Figure 4. CTB fault spreading rates.  
Arrows with single head represent strain vectors, the SRP vector is in respect to the CTB, all other vectors 
are with respect to the fault block to the east. Arrows with two heads represent the spreading orientation of 
the CTB; the shorter of the two depicts the rate from the western block of the Madison Fault to the western 
block of the Lost River Fault. See scale in upper right-hand corner. The Madison Fault (MF), located near 
the northeast corner of the map, has a northern segment (NS, and the Madison Canyon segment (MCS) to 
the south. Blue dots represent seismic events from 1962 to 2016 of M2.0 and greater, downloaded from the 
NCEDC ANSS catalog (http://www.ncedc.org/anss/catalog-search.html). Red lines represent all faults in 
the area from the USGS Quaternary fault database. 
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